Round-robin tests were conducted for designing standard procedures for thermal desorption analysis (TDA) of hydrogen. Scatters of diffusive and non-diffusive hydrogen contents measured at various institutions using common materials and experimental procedures were examined. Some factors causing the scatter and their respective contributions were examined in optional tests.
Introduction
Recent advances in hydrogen analysis, especially thermal desorption analysis (TDA), have enabled precise measurements of the amount and state of absorbed hydrogen in materials. 1) Accurate analysis is requisite for understanding and assessing hydrogen degradation, but a substantial scatter of data is often observed among reports, even if the measurements were conducted with similar materials, making the quantitative reliability of the data uncertain. The scatter may result from factors such as differences in the apparatus and procedures used, including specimen preparation, hydrogen charging, and operation of analytical devices. However, the effects of these factors on the results of analyses have not been examined systematically.
During FY 2005-06, round-robin tests were conducted by the forum, "Towards Standardization of the Analysis of Hydrogen States in Materials", organized by the Iron and Steel Institute of Japan with the aim of ascertaining the present level of TDA analysis. Following the round-robin tests, some optional experiments were also conducted to examine factors that contribute to data scatter.
The round-robin tests were conducted in three steps with the aims and procedures as follows:
Step 1: To ascertain the present level of scatter among various institutions using common specimens.
Variation of results due to the type of apparatus used was one subject examined in the test. Since non-diffusive hydrogen was considered to be less susceptible to experimental procedures, a cold-drawn pearlitic steel containing only non-diffusive hydrogen was chosen as the common material. Specimens were prepared by a supplier and distributed to the participating institutions.
Step 2: To compare diffusive and non-diffusive hydrogen in scatters obtained in the analysis and to examine the effects of experimental procedures.
The same cold-drawn pearlitic steel as in Step 1 was used, though in this step specimens contained both diffusive and non-diffusive hydrogen. Hydrogen charging was conducted at each institution following prescribed common methods prior to the hydrogen analysis. The separation of diffusive and non-diffusive hydrogen was determined on the basis of observed TDA curves.
Step 3: To determine the present level of scatter in the analysis of diffusive hydrogen.
The common material used was a tempered martensitic steel containing only diffusive hydrogen. Compared with the cold-drawn pearlitic steel used in Steps 1 and 2, the diffusion coefficient of hydrogen was higher and the hydrogen content was lower, making accurate analysis difficult. Hydrogen charging was conducted at each institution according to the prescribed method prior to the hydrogen analysis.
The numbers of participating institutions and samples examined in each step were: 21 institutions and 74 samples in Step 1, 19 institutions and 67 samples in Step 2, and 20 institutions and 66 samples in Step 3. The type of TDA apparatus used was either a gas chromatograph (GC) or a quadrupole mass spectrometer (QMS).
Results of Round-robin Tests

Results of Step 1 Test
The material used was a commercial cold-drawn pearlitic steel wire equivalent to JIS standard SWRS82B and the specimens were 5 mm in diameter and 30 mm in length. The material was subjected to patenting followed by cold drawing up to a true strain of 1.56. Tensile strength was 1 926 MPa. Hydrogen charging was conducted by immersing specimens in a stirred 1% NH4SCN aqueous solution for 48 h at 50°C. The immersed samples were washed with water and additives on the surface were thoroughly wiped off with © 2012 ISIJ paper. After ultrasonic washing with acetone, the specimens were heated at 200°C for 30 min to remove diffusive hydrogen and then air cooled, leaving relatively stable hydrogen. Sample preparation was done entirely at the supplier and the specimens were then distributed to each institution for TDA.
The received specimens were kept in a freezer until TDA so as to avoid any extra scatter of data. After ultrasonic washing with acetone, TDA was conducted on three specimens according to each institution's own standard procedure, except the following common prescribed conditions.
• Use Ar gas (>99.999%) as the carrier gas for a GC.
• Start heating five minutes after setting the specimen in the apparatus (except in the case of unavoidable change due to the operation of the equipment).
• Ramping rate of 100°C/h between room temperature and 800°C.
• Measure background hydrogen after finishing TDA of the first specimen by reheating it to 800°C while still in the apparatus. • Measure three specimens on different days.
• Calibration to be conducted preferably just before the measurement. Figure 1 shows a typical example of a TDA curve obtained in the Step 1 test. Some irregular hydrogen desorption other than the peak seen in the figure was reported in some cases. The origin was likely the presence of some additional layers on the surface of the cold-drawn steel as will be described in Sec. 3.3. At most institutions, the specimen surface was then polished with grit paper to remove such layers prior to TDA. After subtracting the background and any irregular desorption from the total desorption, the remaining amount of hydrogen was regarded as the hydrogen content. Figure 2 shows the distribution of the hydrogen contents measured at each institution with a QMS or a GC at 0.1 ppm intervals. The average value obtained with GCs was about 0.15 ppm higher than that measured with QMSs. Though not shown in Table  1 and Fig. 2 , the data of unpolished specimens were lower than those of polished specimens.
Results of Step 2 Test
In the Step 2 test, specimens containing both diffusive and non-diffusive hydrogen were used. The material was the same cold-drawn pearlitic steel wire used in Step 1, except additional polishing of the surface with #800 grit paper was done to remove additives. Hydrogen charging was done by immersing specimens in a 1% NH4SCN aqueous solution for 48 h at each institution under rigorous temperature control at 50°C. The volume of the solution used for one specimen was 250 ml. The solution was regulated using fresh distilled water so as to control the oxygen content. Procedures and prescribed conditions after hydrogen charging were similar to those in Step 1, but TDA was started 20 minutes after the conclusion of hydrogen charging, including allowing more than 5 minutes after setting the specimen in the apparatus. The temperature range of TDA was from room temperature to 600°C. Figure 3 shows an example of a TDA curve obtained in Step 2, indicating two peaks of nearly similar intensities.
2)
The desorption-rate peak at the lower temperature is ascribable to diffusive hydrogen, while that at the higher temperature is attributed to non-diffusive hydrogen measured in Step 1. The two peaks are designated as Peak 1 and Peak 2, respectively. The hydrogen content at each peak was evaluated by dividing an observed TDA curve at the local minimum between the two peaks. The mean hydrogen content obtained with GCs was higher than that measured with QMSs for both Peak 1 and Peak 2, similar to the Step 1 test results, but the difference between the two types of apparatus was larger than that in Step 1. Further, while hydrogen charging was conducted according to the same procedure, the hydrogen content at Peak 2 in Step 2 was less than that in Step 1 for both GCs and QMSs. A possible reason might be the method of separating the two peaks. As shown in Fig. 3 , hydrogen desorption at the minimum was not zero, implying an overlap of the two peaks and inaccurate separation. The temperature separating the peaks is summarized in Table 2c . The scatter was fairly large especially for QMSs. The temperature separating the peaks was reproducible at individual institutions, but the difference among the institutions was substantial.
Results of Step 3 Test
The Step 3 test was designed to examine analyses of a small amount of diffusive hydrogen in a material with a high hydrogen diffusion coefficient. The material used in Step 3 was a commercial tempered martensitic steel, having a composition of 0.29% C, 1.62% Si and 0.66% Mn prepared by a supplier. The material was induction hardened at 1 010°C and induction annealed at 525°C, resulting in tensile strength of 1 493 MPa. The size of the specimens was 5 mm in diameter. At each participating institution, the surface of the received specimens was carefully polished with #800 grit paper and washed with acetone by an ultrasonic method. Hydrogen charging was conducted so as to impart a smaller amount of hydrogen than in Step 2 by immersing specimens in a 0.4% NH4SCN aqueous solution for 48 h at 50°C. The temperature range of TDA was from room temperature to 400°C. Other procedures of hydrogen charging and TDA were same as in Step 2. In the Step 3 test, each institution was requested to follow the prescribed procedures as strictly as possible since a subtle difference in operation might cause a substantial scatter of data. Figure 6 shows an example of a TDA curve measured in Step 3. Table 3 summarizes the arithmetic mean and standard deviation of the hydrogen contents after subtracting the background desorption. Figure 7 shows the distribution of the hydrogen contents measured with GCs or QMSs. The mean value measured with GCs was again higher than that seen for QMSs, similar to the results of Steps 1 and 2, but the distribution was less centralized.
Discussion of the Accuracy of Analysis
The hydrogen contents measured in similarly prepared specimens scattered among the participating institutions. The scatter in terms of the ratio of the mean content to the standard deviation was in a range of about 10-20% as shown in Tables 1 to 3 . The scatter was about two times higher for diffusive hydrogen than for non-diffusive hydrogen. It should also be noted, though not shown here in detail, that the scatter of data at individual institutions was fairly small, indicating good reproducibility, while data differed substantially among the institutions.
It was necessary to investigate the origins of scatter in order to improve accuracy, and possible factors causing scatter were examined by the members of the forum. A list of factors pointed out as sources of scatter is noted below, roughly divided into apparatus-or operation-related items.
In
Step 1 for non-diffusive hydrogen: 1) Accuracy of the concentration of the standard gas used for calibration.
2) Flow rate of carrier gas (GC).
3) Flow rate of hydrogen leak for calibration (QMS). 4) Oxide film on the specimen surface. 5) Hydrogen desorption at temperatures higher than 400°C after background subtraction.
Factors 1) and 2) were examined elsewhere 3) and were concluded to be not a major source of scatter. The accuracy of a standard gas is normally ± 2%. Factor 3) was not examined because of anticipated experimental difficulty. As described in Sec. 2.1 and confirmed in Sec. 3.3, the presence of an oxide film on the specimen surface substantially reduces the hydrogen content detected by TDA. The data presented in Table 1 exclude the results of unpolished specimens, but the surface polishing procedure may have differed among the institutions. As for background hydrogen, several institutions using a GC reported hydrogen desorption at temperatures higher than 400°C after background subtraction. The origin of the unexpected desorption is not clear, but it presumably affected the TDA results.
Step 2 for hydrogen charging at each institution, in addition to factors 1) -5) above: 6) Temperature of the immersing solution during hydro- gen charging. 7) Difference in elapsed time from the end of hydrogen charging to the start of TDA. 8) Difference in methods of heating and measuring temperature.
9) Hydrogen desorption in the sub-chamber prior to measurement (QMS).
Factor 6) was examined in optional tests that will be described in Sec. 3.1. For factor 7), the time between the end of hydrogen charging and the start of TDA was prescribed in the common procedure, but the specific situation at individual institutions made some modifications unavoidable. As will be described in Sec. 3.3 and Sec. 3.6, this factor may have affected the accuracy of the TDA results to a certain extent. Factor 8) was not examined because of time and apparatus limitations.
Results of Optional Tests
Factors and their contributions to the scatter of observed data were not conclusively identified, but some optional tests were conducted to examine the possible effect on the reported hydrogen content.
Effect of Immersion and Storage Conditions
In Step 2, some institutions intentionally altered the experimental conditions. In hydrogen charging, the use of distilled water for the solution substantially increased the contents of both diffusive and non-diffusive hydrogen compared with the use of tap water. The temperature of the solution during hydrogen charging strongly affects hydrogen content and will be described in detail in Sec. 3.5. Storage of specimens in a freezer or liquid nitrogen for one to three months after hydrogen charging hardly changed the hydrogen content from the value measured with a QMS immediately after charging.
Effect of Heating Rate
In the Step 2 test, both diffusive hydrogen and non-diffusive hydrogen were present in the specimens and were identified as Peak 1 and Peak 2, respectively. The two peaks were separated on the TDA curve at the minimum desorption rate between them. The effects of the heating rate are shown in Figs. 8a and 8b for QMSs and GCs, respectively. In both apparatuses, the total hydrogen content after background subtraction (indicated as Total) did not vary with the heating rate, but Peak 1 hydrogen decreased and Peak 2 hydrogen increased with a faster heating rate. The difference might be due to the method of separating the two peaks, as the shift of the peak temperature with the heating rate was larger for Peak 1 than for Peak 2.
Hydrogen Desorption in Vacuum Prior to QMS
Measurement The hydrogen content measured with QMSs was always less than the values obtained with GCs. The difference between the two apparatuses is the measuring environment, the former being a vacuum and the latter Ar gas. Figure 9 shows the hydrogen desorption rates measured with a QMS during exposure in the main chamber under a high vacuum at 40°C for up to 30 minutes. The specimens were made of a cold-drawn pearlitic steel prepared with a similar method as in Step 2 after removing the surface layer. In the figure, "30 min air, 5 min sub-chamber" means the pre-degassing time in air and successively in the sub-chamber before setting the specimen in the main measuring chamber of the QMS. This condition is similar to Step 2 and a large amount of hydrogen desorption probably took place shortly after setting the specimen in the main chamber. Similarly, "150 min in air" or "30 min sub-chamber" indicates a different pre-degassing time in air and in the sub-chamber. Figure 9 shows that strict control of the pre-degassing time is necessary to obtain high measurement accuracy particularly with a QMS. The line labeled as "with ZnO2 film" is for a specimen for which the surface layer was not removed and was measured after keeping it for 30 min in air and 5 min in the sub-chamber. Desorptions of H2O, Zn, H2S, HCN, CO, NH3 and acetone were detected with the QMS from specimens without surface polishing, suggesting some chemical reactions with desorbed hydrogen on the surface. When the surface layer was present, hydrogen desorption under a vacuum proceeded gradually, indicating inhibition by the surface layer. The line labeled as "Step 1 specimen" is for a specimen used in the Step 1 test, and the result suggests that little non-diffusive hydrogen diffused out at 40°C even under a high vacuum.
Effect of the Mass Ratio of Specimen to the
Immersing Solution In hydrogen charging in Steps 2 and 3, the volume of the immersing solution was specified as 250 ml for one specimen as mentioned in Sec. 2.2. The amount of absorbed hydrogen was measured under different mass ratios of specimen to solution. Figure 10 shows the dependence of the amount of absorbed hydrogen on the mass ratio. Hydrogen absorption decreased markedly when the volume of the solution was one-half the standard amount, while little change was observed when the volume of the solution exceeded the standard. The results indicate that a sufficient volume of solution should be used in hydrogen charging and that the standard amount used in the present tests is appropriate.
Effect of Temperature and Concentration of the
Immersing Solution In the present tests, hydrogen charging was conducted by immersing specimens in a corrosive solution. Since the temperature was expected to affect the corrosion reaction substantially, the temperature of the solution was specified as 50°C.
The concentration of NH4SCN would also affect the corrosion reaction. Following the procedures of Step 3, the effects of the solution temperature and concentration were examined. Figure 11 shows the results. The 20% concentration is for the FIP test 4) and 0.4% is for the Step 3 test. Hydrogen absorption increased linearly with the temperature of the solution and the dependence was almost the same for the two concentrations. One problem concerning temperature control was the constant temperature chamber in which the hydrogen-charging vessel was placed. The actual temperature of the solution differed by as much as 10% from the temperature setting of the chamber, indicating the necessity of direct measurement and rigorous control of the solution temperature.
Effect of Exposure in Ar or Vacuum after Hydrogen
Charging As stated in Sec. 3.3, the hydrogen content measured with QMSs was always less than that obtained with GCs. Experiments using the specimens in Step 2 and a QMS were described in Sec. 3.3. Experiments were then conducted on the specimens in Step 3 using a GC. The specimens in Step 3 were made of a tempered martensitic steel with a lower hydrogen content and a higher hydrogen diffusion coefficient than the specimens in Step 2.
Following the same procedure as in Sec. 3.5, test specimens were immersed in a 0.4% NH4SCN aqueous solution at 50°C for hydrogen charging. After five minutes for mechanical polishing and washing with acetone, the specimens were kept for pre-degassing in the quartz tube of a GC filled with Ar gas or in the sub-chamber of a QMS in a vacuum for a predetermined period. Figure 12 shows the hydrogen content measured with a GC after pre-degassing. The hydrogen content decreased almost linearly with increasing time for pre-degassing, but the different environments, either Ar or vacuum, did not affect the results appreciably. The effect of the hydrogen diffusion coefficient was then examined using a high-purity iron specimen (99.9% purity; 5 mm × 30 mm). The results presented in Fig. 13 show the strong effect of the vacuum on desorption. The reason is not certain, but some surface effects might dominate hydrogen desorption.
Effect of Specimen Thickness
The fraction of hydrogen desorbed prior to the start of Fig. 10 . Effect of the mass ratio of specimen to immersing solution on hydrogen content. TDA may depend on the specimen size. The effect of the specimen thickness on the TDA results was examined using a high-purity iron (10 mm × 10 mm × 0.2-5 mm) kept in a vacuum for 60 minutes. Hydrogen was charged by immersing specimens in a 20% NH4SCN aqueous solution for 48 h at 50°C. After immersion, the surface of the specimens was polished and washed with acetone within 5 minutes. The results are shown in Fig. 14 . The circles denoted as "Vacuum 0 min" are for finished specimens that were set in a GC immediately, whereas the squares denoted as "Vacuum 60 min" are for finished specimens that were kept for 60 minutes in a vacuum in the sub-chamber of a QMS. In both cases, TDA was conducted with a GC. The observed hydrogen content decreased substantially when the specimen thickness was less than 1 mm. This tendency was more apparent for the specimens kept in a vacuum. Though not shown here, hydrogen desorption from a 0.2-mmthick specimen was substantial almost immediately from the start of ramping making the desorption peak indefinite, whereas the desorption peak from a 5-mm-thick specimen was around 100°C. Rigorous control of TDA operations is required to ensure reproducibility of data, particularly for thin specimens of a material with a high hydrogen diffusivity.
Conclusion
Three consecutive round-robin tests were conducted for the purpose of designing standard TDA procedures for hydrogen. Using a cold-drawn pearlitic steel and a tempered martensitic steel as common materials, scatters of the hydrogen contents measured at various institutions were examined. The hydrogen content measured with QMSs was always lower than that obtained with GCs, and the scatter was in a range of about 10-20%. The scatter was larger for diffusive hydrogen than for non-diffusive hydrogen. Factors causing the scatter and their respective contributions were examined in optional tests. 
